Synthesis of pyrazole containing α-amino acids via a highly regioselective condensation/aza-Michael reaction of β-aryl α,β-unsaturated ketones † A synthetic approach for the preparation of a new class of highly conjugated unnatural α-amino acids bearing a 5-arylpyrazole side-chain has been developed. Horner-Wadsworth-Emmons reaction of an aspartic acid derived β-keto phosphonate ester with a range of aromatic aldehydes gave β-aryl α,β-unsaturated ketones. Treatment of these with phenyl hydrazine followed by oxidation allowed the regioselective synthesis of pyrazole derived α-amino acids. As well as evaluating the fluorescent properties of the α-amino acids, their synthetic utility was also explored with the preparation of a sulfonyl fluoride derivative, a potential probe for serine proteases.
Introduction
With continued advances in chemical biology and biomedical and life sciences, non-proteinogenic α-amino acids are being increasingly used as probes to study the mechanism of biological processes, investigate the bioactive conformations of proteins and facilitate the discovery of new pharmacologically active compounds. 1, 2 Furthermore, in the field of organic synthesis, many unnatural α-amino acids have been used as chiral building blocks, ligands and catalysts. 3 Due to this increasing range of applications, novel classes of non-proteinogenic α-amino acids and methods for their synthesis are still very much in demand. 2, 3 In recent years, there has been much interest in developing the synthesis and applications of unnatural α-amino acids with heteroaryl containing side-chains.
2,4 For example, following the isolation and discovery of a naturally occurring pyrazole containing α-amino acid, (S)-β-pyrazolylalanine (1) (Fig. 1 ) from Citrullus vulgaris, 5 various biological applications of novel pyrazole containing α-amino acids have been reported. Pyrazole analogues of ibotenic acid were shown to be selective antagonists of the metabotropic glutamate receptor 2 (mGluR2), 6 while a number of 3-carboxypyrazole α-amino acids (e.g. 2) are antagonists of the N-methyl-D-aspartic acid (NMDA) receptor. 7 The antitumor activity of ferrocenyl derived α-amino acids linked via a pyrazole moiety has also been demonstrated. 8 Other applications include using the rigidity of the pyrazole moiety to generate conformationally restricted peptidomimetics such as α-amino acid 3, which mimics the cis-amide bond. 9 Despite exhibiting a range of interesting properties and applications, flexible and general synthetic routes for the preparation of optically active pyrazole containing α-amino acids are still relatively limited. 5b,7,9-11 Noteworthy approaches include the cyclocondensation of α-hydrazinoamino acids with 3-trimethylsilanylpropynones or enamino ketones. 9 More recently, Conti and co-workers prepared 3-carboxypyrazole derivatives via a 1,3-dipolar cycloaddition of allylglycine with hydrazine derived nitrilimines, 7 while Wei and Lubell used the nucleophilic ring-opening of serine derived cyclic sulfamidates for the preparation of β-diketone α-amino acids which were then converted to the corresponding pyrazole by condensation with hydrazine.
Recently, we reported an efficient approach for the preparation of a rare class of α-amino acid with enone side chains. 12 In exploring the reactivity and application of these amino acids, we discovered that these could undergo selective 6-endotrig cyclisations for the synthesis of 4-oxopipecolic acids, 13 and had potential as biological probes with the preparation of a highly fluorescent 4-dimethylamino-1-naphthyl enone analogue. 12 Despite these advances, we found that on long-term storage, the enones were prone to decomposition. In an effort to further explore the reactivity of these compounds and produce more robust biologically functional probes, we proposed to investigate heterocyclisation reactions of the enone derived α-amino acids. We now report the development of a highly regioselective condensation/aza-Michael reaction as the key step for the preparation of a new class of α-amino acids bearing 5-arylpyrazole side-chains (Scheme 1). As well as exploring selective deprotection strategies to the parent α-amino acids and measuring their fluorescent properties, the application of one of these compounds for the preparation of a sulfonyl fluoride, well-established serine protease inhibitors is also described.
Results and discussion
The project began with the preparation of a series of enone derived α-amino acids (Scheme 2). 12, 13 Reaction of L-aspartic acid (4) with thionyl chloride in methanol followed by N-trityl protection under basic conditions gave N-trityl L-aspartate dimethyl ester 5 in quantitative yield. 14 Using the N-trityl group to block the α-methyl ester allowed the highly regioselective reaction of 5 with the lithium anion of dimethyl methylphosphonate. This gave β-ketophosphonate ester 6 as the sole product in 92% yield. To generate stable, highly conjugated heterocycle derived α-amino acids with the potential to act as fluorescent probes, enones with β-aryl side chains were prepared. Under mild conditions, Horner-Wadsworth-Emmons reaction of 6 with various aryl aldehydes gave the corresponding β-aryl E-enones 7-11 in high yields (72-95%). As expected, the reactions of the electron deficient aldehydes were complete after 24 h, while the electron rich and more conjugated analogues required extended reaction times (36-72 h). While other methods have recently been reported for the preparation of these types of enone derived α-amino acids, 15 the approach described in Scheme 2 is particularly robust, allowing the multi-gram synthesis of these compounds in excellent overall yields from L-aspartic acid. Methods for formation of the pyrazoles via 2-pyrazolines by reaction of enones 7-11 with phenyl hydrazine were next investigated. Under neutral or acidic conditions, 2-pyrazolines can be prepared by the reaction of enones and hydrazines through a two-stage process involving imine condensation to form a hydrazone, followed by an aza-Michael reaction to complete the cyclisation. 16 Initially, reaction of 7 with phenyl hydrazine was attempted under neutral conditions. However, analysis by 1 H NMR spectroscopy showed that the reaction had not gone to completion forming only the hydrazone intermediate. As more forcing, acidic conditions were necessary, the acid-labile N-trityl protected α-amino acids 7-11 were converted to the N-Cbz derivatives (Scheme 3). Amino acids 7-11 were easily deprotected using TFA under mild conditions. Without purification, the resulting amines were treated with benzyl chloroformate in the presence of Hünig's base, which gave the Cbzderivatives 12-16 in high yields over the two-steps (77-87%). Reaction of N-Cbz protected enone 12 with phenyl hydrazine in the presence of HCl was then investigated. Under reflux conditions, this produced the corresponding 2-pyrazoline cleanly, as a single regioisomer. While not important for the synthesis of pyrazoles, it was noted using NMR spectroscopy that the aza-Michael step proceeded without any asymmetric bias from the chiral α-position, forming a 1 : 1 mixture of diastereomers. Without purification, the 2-pyrazoline was oxidised using DDQ under mild conditions and this gave pyrazole 17 in 76% yield over the two-steps. 17 With an optimised approach in hand, the scope of this process was then explored using the other enones with electron-rich, electron-deficient and highly conjugated side-chains. With all the examples, the corresponding pyrazoles were formed as a single regioisomer in high yields (73-84%).
To access the parent α-amino acids, various strategies were explored. We wanted to demonstrate that the α-carboxylic acid position could be selectively deprotected under mild conditions to give N-Cbz protected α-amino acids that could have direct application in peptide synthesis. Using compounds 17, 19 and 20, hydrolysis of the ester moiety with cesium carbonate at room temperature gave the N-Cbz protected α-amino acids cleanly (Scheme 4). Without purification, removal of the amino protecting group under acidic conditions then gave α-amino acids 22-24 in 79-88% yields over the two steps. Using the nitro-substituted α-amino acids, a one-step procedure was also developed. Acid mediated deprotection of compounds 18 and 21 using 6 M HCl resulted in the removal of both protecting groups, allowing the isolation of α-amino acids 25 and 26 in essentially quantitative yields. Overall, this approach for the preparation of α-amino acids bearing 5-arylpyrazole side-chains was general and efficient, allowing the synthesis of the target α-amino acids in 36-53% overall yield from L-aspartic acid.
The specific use of aryl substituents for the pyrazoles was to generate α-amino acids with highly conjugated side-chains that would possess fluorescent properties. 18 Therefore, following the synthesis of compounds 22-26, the absorption and fluorescence spectra were recorded ( Table 1 ). The absorption and emission maxima showed some correlation with the electronic nature of the aryl substituents. For example, the electron deficient groups generally absorbed and emitted at longer wavelengths. While compounds 22-26 all showed some degree of fluorescence, the naphthyl and 4-nitrophenyl analogues 24 and 25, in particular showed strong fluorescence with maxima at 356 and 415 nm, respectively (Fig. 2) . The emission maxima for the naturally occurring α-amino acid, tryptophan occurs at similar wavelength (λ Em = 352 nm) to naphthyl analogue 24. 19 This would obviously limit applications of 24 when incorporated into proteins and peptides containing tryptophan. So despite showing weaker fluorescence, it was decided to investigate applications of 4-nitrophenyl analogue 25, which has an emission maximum at higher wavelength compared to proteinogenic α-amino acids.
20
Sulfonyl fluorides derived from α-amino acids and peptides have been synthesised and shown to act as electrophilic traps for the potent inhibition of protease enzymes. 21, 22 In particular, a N-Cbz protected tetrapeptide incorporating a sulfonyl fluoride unit has demonstrated broad-spectrum antimalarial activity. 23 In this project, we wished to investigate whether a sulfonyl fluoride unit could be incorporated into 5-(4′-nitrophenyl)pyrazole α-amino acid 18. The product of this process would generate a multi-functional compound that would have potential as both a protease inhibitor and could undergo further transformations such as peptide synthesis for development as a biological probe. The ester moiety of 18 was initially reduced under mild conditions using sodium borohydride and lithium chloride (Scheme 5). This gave alcohol 27 in 95% yield. The hydroxyl group was activated as the mesylate under standard conditions, and this was then displaced by in situ generated cesium thioacetate forming 29 in high yield. Oxidation of thioacetate 29 with aqueous hydrogen peroxide in the presence of sodium acetate gave the corresponding sodium sulfonate salt in quantitative yield. Sodium sulfonates can be converted to sulfonyl fluorides by treatment with oxalyl chloride and then reaction of the resulting sulfonyl chloride with potassium fluoride, or directly using DAST. 21,22a For the preparation of sulfonyl fluoride 31, it was found that direct reaction of the sodium sulfonate salt with triethylamine trihydrofluoride and XtalFluor-M® 30 gave the target compound very cleanly, in 64% yield. The synthesis of sulfonyl fluoride 31 in 48% overall yield from 18 demonstrates the synthetic utility of pyrazole derived α-amino acids and their use for the synthesis of potential functionalised biological probes.
Conclusions
In summary, a series of novel pyrazole derived α-amino acids have been prepared from L-aspartic acid using highly regioselective transformations such as a Horner-WadsworthEmmons reaction and a one-pot condensation/aza-Michael process. The synthetic utility of these compounds was explored with the efficient transformation of 5-(4′-nitrophenyl)pyrazole α-amino acid 18 to sulfonyl fluoride derivative 31, a potential serine protease inhibitor. The absorption and emission properties of the pyrazole derived α-amino acids were also recorded with compounds 24 and 25 showing particularly strong fluorescence. This part of the study has revealed the structural features and level of conjugation required for the generation of heterocyclic derived α-amino acids with appropriate emission maxima for application as fluorescent probes. Using this information, the development of new heterocyclisation reactions of enone derived α-amino acids are currently underway. Exploration of the use of sulfonyl fluorides such as 31 as components of peptide-based inhibitors is also being studied. The results of these investigations will be reported in due course.
Experimental
Reactions were performed in flame-dried glassware under a positive atmosphere of argon. All reagents and starting materials were obtained from commercial sources and used as received. Dry solvents were purified using a PureSolv 500 MD solvent purification system. Flash column chromatography was carried out using Fisher matrix silica 60. Macherey-Nagel aluminium-backed plates pre-coated with silica gel 60 (UV 254 ) were used for thin layer chromatography and were visualised by staining with KMnO 4 . 1 H NMR and 13 C NMR spectra were recorded on a Bruker DPX 400 spectrometer or Bruker 500 Methyl (2S,5E)-2-[(benzyloxycarbonyl)amino]-4-oxo-6-phenylhex-5-enoate (12) To a solution of methyl (2S,5E)-4-oxo-6-phenyl-2-(tritylamino)-hex-5-enoate (7) (1.06 g, 2.23 mmol) in dichloromethane (45 mL) was added trifluoroacetic acid (0.33 mL, 4.50 mmol). The reaction mixture was stirred at room temperature for 2 h before concentrating in vacuo. The resulting residue was dissolved in chloroform (5 mL) and petroleum ether was added until an orange oil formed. The solvent was then decanted off, and the remaining oil was dissolved in dichloromethane (30 mL) followed by the addition of N,N-diisopropylethylamine (0.97 mL, 5.58 mmol) and benzyl chloroformate (0.48 mL, 3.35 mmol). The reaction mixture was stirred at room temperature for 1 h before diluting with water (50 mL). The mixture was then extracted with dichloromethane (4 × 50 mL), dried (MgSO 4 ) and concentrated in vacuo. 
The reactions were performed as described for 7 using methyl (2S,5E)-6-(4′-nitrophenyl)-4-oxo-2-(tritylamino)hex-5-enoate (8 
The reactions were performed as described for 7 using methyl (2S,5E)-6-(4′-methoxyphenyl)-4-oxo-2-(tritylamino)hex-5-enoate (9) 
The reactions were performed as described for 7 using methyl (2S,5E)-6-(naphthalen-2′-yl)-4-oxo-2-(tritylamino)hex-5-enoate (10) 
Methyl (2S,5E)-2-[(benzyloxycarbonyl)amino]-6-(3″-nitrobiphen-4′-yl)-4-oxohex-5-enoate (16)
The reactions were performed as described for 7 using methyl (2S,5E)-6-(3″-nitrobiphen-4′-yl)-4-oxo-2-(tritylamino)hex-5-enoate (11 
Methyl (2S)-2-[(benzyloxycarbonyl)amino]-3-(1′,5′-diphenyl-1′H-pyrazol-3′-yl)propanoate (17)
To a solution of methyl (2S,5E)-2-[(benzyloxycarbonyl)amino]-4-oxo-6-phenylhex-5-enoate (12) (0.17 g, 0.46 mmol) in methanol (4 mL) was added phenylhydrazine (0.05 mL, 0.46 mmol) and 37% aqueous hydrochloric acid (0.02 mL). The reaction mixture was stirred under reflux for 17 h, cooled to room temperature and concentrated in vacuo. The resulting material was diluted with ethyl acetate (10 mL) and a saturated aqueous solution of sodium hydrogen carbonate (10 mL), extracted with ethyl acetate (3 × 10 mL), dried (MgSO 4 ) and concentrated in vacuo. The resulting material was then dissolved in dichloromethane (30 mL) and 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (0.10 g, 0.46 mmol) was added. After stirring at room temperature for 2 h, the reaction mixture was concentrated in vacuo and the resulting solid purified by column chromatography (elution with 20-30% ethyl acetate in petroleum ether), followed by triturating with chloroform to give methyl (2S)- 
Methyl (2S)-2-[(benzyloxycarbonyl)amino]-3-[5′-(4″-nitrophenyl)-1′-phenyl-1′H-pyrazol-3′-yl]propanoate (18)
The reactions were carried out as described for 12 using methyl (2S,5E)-2-[(benzyloxycarbonyl)amino]-6-(4′-nitrophenyl)-4-oxohex-5-enoate (13) 
Methyl (2S)-2-[(benzyloxycarbonyl)amino]-3-[5′-(4″-methoxyphenyl)-1′-phenyl-1′H-pyrazol-3′-yl]propanoate (19)
The reactions were carried out as described for 12 using methyl (2S,5E)-2-[(benzyloxycarbonyl)amino]-6-(4′-methoxyphenyl)-4-oxohex-5-enoate (14) . Purification by column chromatography (elution with 20-30% ethyl acetate in petroleum ether) gave methyl 
Methyl (2S)-2-[(benzyloxycarbonyl)amino]-3-[5′-(naphthalen-2″-yl)-1′-phenyl-1′H-pyrazol-3′-yl]propanoate (20)
The reactions were carried out as described for 12 using methyl (2S,5E)-2-[(benzyloxycarbonyl)amino]-6-(naphthalen-2′-yl)-4-oxohex-5-enoate (15) (10), 108 (13), 91 (27).
The reactions were carried out as described for 12 using (16) (2S)-2-Amino-3-(1′,5′-diphenyl-1′H-pyrazol-3′-yl)propanoic acid hydrochloride (22) To a solution of methyl (2S)-2-[(benzyloxycarbonyl)amino]-3-(1′,5′-diphenyl-1′H-pyrazol-3′-yl)propanoate (17) (0.09 g, 0.19 mmol) in methanol and water (5 mL, 7 : 3) was added cesium carbonate (0.08 g, 0.25 mmol). The reaction mixture was stirred at room temperature for 16 h before concentrating in vacuo. The resulting residue was dissolved in water (10 mL), acidified to pH 1 with 1.0 M aqueous hydrochloric acid, extracted with dichloromethane (3 × 10 mL), dried (MgSO 4 ) and concentrated in vacuo. The resulting residue was suspended in 6.0 M aqueous hydrochloric acid (5 mL) and the mixture stirred under reflux for 24 h. The mixture was cooled and concentrated in vacuo. Trituration with diethyl ether gave (2S)-2-amino-3-(1′,5′-diphenyl-1′H-pyrazol-3′-yl)propanoic acid hydrochloride (22) 
The reactions were carried out as described for 17 using methyl (19) The reactions were carried out as described for 17 using (2S)-2- (20) 3.40 (1H, dd, J 15.8, 7.3 Hz, 3.49 (1H, br d, J 15.8 Hz, m, 6.70 (1H, s, 7.25 (1H, br d, J 8.2 Hz, m, Ph), m, m, 
The reaction was carried out as described for 18 using methyl (21) (18) (2.90 g, 5.79 mmol) was dissolved in THF (25 mL) under an atmosphere of argon at room temperature. Lithium chloride (0.61 g, 14.5 mmol) was added, followed by sodium borohydride (0.55 g, 14.5 mmol, 2.50 eq.) and the mixture was stirred for 0.1 h. Ethanol (34 mL) was added and the cloudy mixture stirred for 7 h at room temperature. The reaction mixture was cooled to 0°C and quenched with a saturated solution of ammonium chloride (28 mL) and water (81 mL). The solution was extracted with ethyl acetate (3 × 100 mL). The combined organic phases were dried (MgSO 4 were added dropwise and the reaction mixture stirred at room temperature for 0.5 h. Dichloromethane (50 mL) was added to the reaction mixture, which was then washed with 1 M aqueous potassium hydrogensulfonate (100 mL), water (100 mL), brine (100 mL) and dried (MgSO 4 ). The solvent was removed in vacuo and gave 28 as a colourless solid (2.72 g, 92%). ν max /cm −1 (neat) 3270 (NH), 3028 (CH), 1713 (CvO), 1597, 1518, 1502, 1346, 1172, 963, 750, 696; [α] 6.44 (1H, s, m, m, 2 × Ph), m, 
